The evolution of barotropic vortices over a topographic, axisymmetric mountain in a homogeneous rotating fluid is studied experimentally. The aim is to identify the main physical processes observed in (i) a horizontal plane of motion, perpendicular to the rotation axis of the system, and (ii) a vertical plane across the diameter of the mountain. The vortices are monopolar cyclones initially generated near or over the topography. Initially, the vortices drift towards the mountain due to the β-effect associated with the topographic slope. On arriving, they turn around the obstacle in an anticyclonic direction, whilst anticyclonic vorticity is generated over the summit. The long-term vorticity distribution is dominated by the original cyclone elongated around the topographic contours and the generated anticyclone over the tip of the topography. In the vertical plane an oscillatory uphill-downhill flow is generated, which is directly related to the drift of the cyclone around the mountain. Depending on the vortex characteristics, the period of the oscillation ranges from 4 to 10 times the rotation period of the system. The horizontal and vertical flow fields are reproduced numerically by using a shallow-water formulation, which allows a detailed view of the vertical motions, hence facilitating the interpretation of the experimental results. In addition, the cyclone-anticyclone pair over the mountain is compared with analytical solutions of topographically trapped waves. A general conclusion is that vertical motions persist for several days (or rotation periods), which implies that this mechanism might be potentially important for the vertical transport over seamounts.
The evolution of barotropic vortices over a topographic, axisymmetric mountain in a homogeneous rotating fluid is studied experimentally. The aim is to identify the main physical processes observed in (i) a horizontal plane of motion, perpendicular to the rotation axis of the system, and (ii) a vertical plane across the diameter of the mountain. The vortices are monopolar cyclones initially generated near or over the topography. Initially, the vortices drift towards the mountain due to the β-effect associated with the topographic slope. On arriving, they turn around the obstacle in an anticyclonic direction, whilst anticyclonic vorticity is generated over the summit. The long-term vorticity distribution is dominated by the original cyclone elongated around the topographic contours and the generated anticyclone over the tip of the topography. In the vertical plane an oscillatory uphill-downhill flow is generated, which is directly related to the drift of the cyclone around the mountain. Depending on the vortex characteristics, the period of the oscillation ranges from 4 to 10 times the rotation period of the system. The horizontal and vertical flow fields are reproduced numerically by using a shallow-water formulation, which allows a detailed view of the vertical motions, hence facilitating the interpretation of the experimental results. In addition, the cyclone-anticyclone pair over the mountain is compared with analytical solutions of topographically trapped waves. A general conclusion is that vertical motions persist for several days (or rotation periods), which implies that this mechanism might be potentially important for the vertical transport over seamounts.
Introduction
Submarine mountains in the oceans are topographic features where important physical and biological processes frequently occur. A large number of seamounts are dispersed over the ocean floor, with a wide variety of physical characteristics (height, width, shape) . For a recent review on their geographical distribution and physical characteristics, see Hillier & Watts (2007) . Not surprisingly, a wide range of physical L. Zavala Sansón, A. C. Barbosa Aguiar and G. J. F. van Heijst phenomena take place over seamounts, in particular for mesoscale motions affected by the Earth's rotation. Some examples are the generation of subinertial topographic waves travelling around submarine mountains (e.g. Brink 1989) , the generation of eddies by topographic effects (Huppert & Bryan 1976) or, in general, the effect of a submarine obstacle on the motion and structure of oceanic vortices. A recent review of topography effects on rotating flows is given in van Heijst & Clercx (2009) .
A first approach, commonly used for modelling geophysical flows, consists of considering the fluid motion in the form of vertical columns. When the flow approaches a topographic feature a vertical column can be squeezed or stretched and, as a consequence, its relative vorticity might be changed due to potential vorticity conservation. In this study we focus on the evolution of barotropic vortices over a topographic, axisymmetric mountain in a homogeneous rotating fluid. The aim is to gain a better understanding of the horizontal and vertical motions generated when a cyclonic vortex impinges on an isolated topographic feature. For this purpose, we have performed laboratory experiments in a rotating fluid tank, as well as numerical simulations based on a shallow-water formulation. In addition, the main findings are compared with exact, analytical solutions of topographic waves trapped around seamounts. For simplicity, the discussion will be restricted to the barotropic case, but keeping in mind that oceanic eddies and currents usually have an important baroclinic component.
Previous studies on this topic have revealed important processes, such as the drift of cyclonic vortices around a conical hill due to the topographic β-effect associated with the slope of the topography (Carnevale, Kloosterziel & van Heijst 1991) . Another important mechanism is the generation of anticyclonic vortices over the summit of a seamount, as shown in the numerical simulations of Verron & Le Provost (1985) , and also discussed by Carnevale et al. (1988 Carnevale et al. ( , 1991 . The stability of cyclones and anticyclones over seamounts was studied analytically by Nycander & LaCasce (2004) . The motion of cyclonic vortices due to the presence of a topographic ridge was analysed by Zavala Sansón (2002) by performing laboratory experiments and numerical simulations. Such effects are also encountered in the present experiments, as will be described later. Some other studies have considered the westward drift of cyclonic vortices towards an isolated topographic feature under the influence of the β-effect. This problem was examined by van Geffen & Davies (2000) from a numerical point of view, and by Adduce & Cenedese (2004) using a topographic β-plane in an experimental study. Laboratory experiments on stratified seamount-trapped waves were conducted by Codiga (1993) . Beckman & Mohn (2002) provided a schematic review of physical processes over seamounts derived from oceanic numerical models. From a meteorological point of view, Ferrero, Loglisci & Longhetto (2002) performed numerical simulations of atmospheric barotropic flows over a mountain. Most previous studies are mainly focused on the motion and generation of vortices by analysing the horizontal flow fields. In contrast, in this paper we shall also focus our attention on determining the structure of the vertical flow field in order to quantify the vertical displacements over the mountain.
Although vertical motions in the oceans are usually one order of magnitude smaller than horizontal displacements, by transporting physical, biological and chemical properties they play a fundamental role in a large number of oceanic processes. As pointed out in the review of Genin (2004) , for instance, stretching and squeezing effects triggered by an oceanic flow impinging on topography may drive the upwelling of deep nutrient-rich waters, favouring plankton concentrations and abundance of fish over the top of seamounts. Some studies have either supported or questioned this Vortices over a submarine mountain 175 mechanism to explain aggregations of plankton and fish over topographic features. Recently, the numerical results of Zavala Sansón & Provenzale (2009) showed an enhanced primary production over idealized seamounts and bottom slopes due to vertical motions associated with the presence of mesoscale cyclonic vortices drifting over the topography. Their simulations were based on coupling simple, yet highly nonlinear, physical and biological models. An equivalent debate exists about the action of planetary Rossby waves on the pumping of nutrients to the ocean surface (Uz, Yoder & Osychny 2001 ). Here we shall attempt to provide new insights into the vertical flow fields generated by a vortex over a submarine mountain.
The paper is organized as follows. In § 2 the experimental results are presented. The physical model used for interpreting the experimental observations is shown in § 3. Some representative numerical simulations that demonstrate the quasi-two-dimensional character of the experimental flows are presented in § 4. In § 5 the horizontal and vertical structure of topographic waves is discussed and compared with some of the experimental results. A discussion is presented in § 6 together with some final remarks.
Laboratory experiments
2.1. Experimental set-up The laboratory experiments were performed on the Coriolis Platform at LEGI/CNRS (Grenoble, France). In all experiments the cylindrical tank (diameter of 13 m) on the platform was filled with fresh water with a maximum depth H = 80 cm, and set in solid-body rotation for at least two hours before taking measurements. The rotation period in all cases was T = 30 s, which gives a Coriolis parameter f = 0.42 s ). Thus, bottom friction effects are expected to play a secondary role in the flow dynamics, at least during several rotation periods.
The seamount consists of a solid, axisymmetric structure, with a maximum height of h m = 30 cm above the bottom of the rotating platform. The radius of the mountain is R m = 50 cm. The height is well-approximated by the expression
where r is the radial direction with origin at the centre of the mountain. Note that this topographic feature is rather pronounced, since h m /H ≈ 3/8. The mountain was placed 3 m from the centre of the tank. Cartesian coordinates are defined with the origin at the centre of the mountain (see figure 1) . Table 1 shows a summary of the experimental parameters used in all cases. Horizontal motions were monitored by a co-rotating camera mounted in the frame of the rotating platform, well above the fluid surface, covering a horizontal field of almost 2 m × 2 m. In addition, vertical motions were recorded in a vertical plane oriented along the y-direction across the mountain (figure 1). In all cases, the flow was visualized by adding small, white particles before starting the experiments, which were illuminated with a 532 nm (green) laser sheet. Fluid velocities were measured by means of CIV, a particle image velocimetry (PIV) system used at the Coriolis facility (Fincham & Spedding 1997) .
The initial flow was a cyclonic vortex generated at some distance from the top of the seamount. Nearly circular vortices were generated by gravitational collapse (Kloosterziel & van Heijst 1992) , which is a suitable technique for experiments in a large rotating tank. This method consists of immersing a solid cylinder of radius R c to a depth h c before the start of each experiment. At t = 0 s, the cylinder is removed and fluid flows radially inwards in order to fill up its volume, thus acquiring a cyclonic circulation. Once the vortices are generated, they initially present a rather turbulent, three-dimensional behaviour; however, after one or two rotation periods the vortex motion has become organized in the form of vertical columns. is shown in figure 2 for a thin, strong vortex (R c = 30 cm, h c = 50 cm). The experimental points are fitted with the so-called Lamb-Oseen vortex profile, which decays as 1/r for large r,
where ω 0 is the peak vorticity and R v is a horizontal length scale. Note that the experimental points present some scattering due to the intense, unavoidable motions produced when the cylinder is removed. The fitted profile, however, provides a good representation of the initial structure of the vortices. The vorticity profile has a Gaussian shape. Kloosterziel & van Heijst (1992) used a different model to represent the radial profiles of vortices created with the collapse technique, namely, an isolated vortex (a cyclonic vortex surrounded by an annulus of opposite-sign vorticity). For our purposes, we limit the use of (2.2) to characterize the initial size and strength of the vortices, since their shape and structure are modified during their interaction with the mountain. The non-dimensional measured values of the four types of vortices (A, B, C and D) are shown in table 2 (second and third columns). Using the azimuthal velocity at r = R v , the initial Rossby number is of order v(R v )/R v f ∼ O(1); after one or two rotation periods the flow rapidly evolves towards smaller Rossby numbers due to lateral diffusion of momentum and due to bottom friction (e.g. Kloosterziel & van Heijst 1992) . A total of 18 experiments were performed in the presence of the submarine obstacle. Looking from above, the vortices were generated at different initial positions along a radial line within the fourth quadrant (the 'southeastern' side of the mountain, see figure 3 ). The initial position is defined as a fraction of the mountain radius r 0 /R m , where r 0 is the radial position of the immersed cylinder before being removed. Thus, r 0 /R m > 1 indicates vortices generated far from the mountain, and r 0 /R m < 1 means cyclones generated over the topography. Figure 3 presents a schematic view of the initial vortex positions in each experiment, and table 2 shows the corresponding r 0 /R m values. Some experiments were repeated in order to test reproducibility and to measure both on the horizontal and the vertical plane (simultaneous PIV measurements on the two planes might produce noisy results, since the horizontal and vertical laser sheets would intersect each other).
An estimate of the topographic β-effect associated with the slope of the topography is given by β m = f h m /R m H. In order to write this parameter in non-dimensional terms, we must multiply by the horizontal scale of the flow and divide by the figure 3 ).
Coriolis parameter:
15. This value is of the same order as the corresponding β-value in the oceanographical context: consider a mesoscale vortex with R v ∼ 100 km, a typical topographic slope of 10
and a mean depth of 500 m, which gives β m ≈ 0.1. Of course, different values can be estimated in different locations, but the important point to note here is that to compare the influence of the topography in laboratory experiments and in geophysical situations the appropriate parameter is the non-dimensional topographic β-parameter, and not the topographic slope.
In addition, there is an equivalent, though much weaker, β-effect associated with the parabolic deformation of the free surface of the rotating system. Owing to this effect, the vortices have an additional tendency to spiral in towards the centre of the tank (Carnevale et al. 1991) . This overall β-effect is measured as β η = f η p /R p H, where η p is the free-surface variation along a distance R p (p stands for 'platform'). Using R p ≈ 2 m (twice the diameter of the mountain) and
. Evidently β m β η , so the vortices are mainly affected by the seamount rather than by the surface deformation. For clarity, this secondary effect will not be considered, except in a brief discussion in the last section.
Observed horizontal motions
We present first the evolution of the vortices in a horizontal plane, as observed by the top camera. The motion of the vortices strongly depends on their size and strength, as well as on the initial position with respect to the mountain. Moreover, the detailed vortex behaviour around or over the topography might change qualitatively for small variations in the initial conditions. Nevertheless, it is consistently observed that all vortices generated far from the topography (r 0 /R m > 1) (i) drift around the periphery and, if sufficiently close, eventually climb the mountain; (ii) rotate around the peak in an anticyclonic direction; and (iii) anticyclonic vorticity is generated over the summit. When the vortices are generated over the topography (r 0 /R m < 1), observations (ii) and (iii) occur again: they drift anticyclonically around the peak, and a patch of anticyclonic vorticity is generated over the summit. Similar results have been described in previous studies (e.g. Carnevale et al. 1991) . In this subsection we discuss three representative scenarios in which these effects are clearly observed, and which will be helpful in understanding the structure of the vertical velocity fields presented in § 2.3.
Wide vortices:
Consider first a wide, weak vortex initially generated at r 0 /R m = 1.6, as in experiments 1, 2, 5 and 7. Figure 4 shows the relative vorticity and the horizontal velocity fields measured at three different times in experiment 5. The trajectory of the vortex is also shown. Initially, the vortex (denoted by the red circle) is generated at the southeastern flank of the seamount (whose periphery is indicated with a black circle) and drifts parallel to the mountain due to the topographic β-effect associated with the slope of the topography. The formation of anticyclonic vorticity over the tip of the topography can be noticed from early stages of the experiment (t/T ∼ 2, figure 4a ). This anticyclonic circulation is formed as fluid columns advected by the vortex are squeezed over the topography, and it is therefore distributed over the central part of the mountain during the whole experiment. Note also the formation of cyclonic vorticity by stretching effects at the opposite side of the mountain. At t/T ∼ 19 (figure 4b) the vortex has been displaced to the other side of the topography along an anticyclonic trajectory (with shallow water to the right). For subsequent times, the cyclone-anticyclone pair continues its rotation around the mountain. The anticyclonic part over the summit preserves a quasi-circular shape, whilst the cyclone is strongly deformed around the mountain, as shown for t/T ∼ 30 (figure 4c): the predominant motion is the anticyclonic cell on the summit, whilst the signal of the vortex is visible from the vorticity field as a patch of positive vorticity spread along the right flank of the mountain.
A natural way to follow the trajectory of the vortices is either by eye or, more accurately, by tracking the maximum vorticity at the vortex core. However, the strong distortion of the cyclones in some cases (especially wide vortices, as in figure 4) prevents the use of the peak vorticity as a reliable measure of the vortex position. In order to characterize quantitatively the motion of very asymmetric and distorted vortices, we calculate the spatial-average vorticity distributions over and around the mountain. In order to do so, the positive and negative circulations in predetermined circles of radius R s (and area A) concentric with the mountain are measured:
where the superindex ± indicates positive or negative circulation C (and vorticity ω). The oscillation of the vorticity distribution can be detected by calculating the coordinates of the 'centre of vorticity' around the origin
Of course, these quantities depend directly on the size (radius R s ) of the circle. Note that X ± and Y ± do not signify the vortex position, but the position of the average distribution of positive and negative vorticity over the mountain. The aim is to show the oscillatory motion of such distributions around the topography. In this case, the primary vortex performs almost 4 turns around the mountain during the whole experiment. The first turn takes longer because the vortex drifts along the perimeter of the mountain, and thus the corresponding topographic effect is somewhat weaker (there is also some influence of the parabolic free-surface deformation that shall be discussed later). Afterwards, the revolutions are more regular and they take place when the vortex is on the topography. Note also that the coordinates of the negative patch of vorticity, X − and Y − , show an oscillation with a much smaller amplitude, indicating that it is confined at the central part of the mountain.
Thin vortices far from the mountain:
Some characteristics of the processes just described change when the primary vortex is smaller, as in experiments 10 and 11 shown in figure 6. In both cases, the cyclones are of type D (R v /R m ∼ 0.2), so they have a very similar structure. The only difference between these experiments is the initial vortex position: the cyclone presented in figure 6(a) is generated further away from the mountain, r 0 /R m = 1.6, than the vortex in figure 6(b) which is created at r 0 /R m = 1.3. Note that the quasi-circular shape of the vortices is maintained, in contrast with wide vortices that are strongly deformed. This allows an estimation of the trajectory by following the position of the peak vorticity. In this way we could determine the trajectories of the two vortices during a time span of 21T (624 s, or ∼10.5 min).
The vortex created far from the topography (figure 6a) moves along a trajectory parallel to the rim of the mountain. In contrast, the vortex generated at a closer position (figure 6b) approaches the mountain and performs a first turn along the periphery, and a second turn over the mountain. This vortex moves faster. As expected, anticyclonic vorticity is generated over the summit in both cases. For later times, the cyclone that climbs the mountain is distorted, as in the wide vortex case, while weak patches of positive relative vorticity are redistributed around the mountain (not shown). Smaller vortices are able to maintain a more circular shape because they experience a weaker topographic β-effect, as pointed out in § 2.1. In contrast, the wider vortices are affected by a stronger topographic β-effect because of their size, so they are rapidly spread around the mountain.
Thin vortices over the mountain:
Consider again the case of thin, strong cyclonic vortices, but now generated directly over the topographic feature (r 0 /R m < 1, experiments 12, 13, 14, 15 and 16 in table 2). It is anticipated that these cyclones will rotate around the tip of the mountain in a clockwise direction, as in previous cases. However, the evolution of the vorticity distribution is somewhat different, as shown in figure 7 for an experiment with r 0 /R m = 0.4 (experiment 12) at t/T ∼ 32. The generated cell of anticyclonic vorticity nearly centred at the top of the topography pairs with the cyclone, and the two structures form a quasi-dipolar structure, almost centred at the origin. Both cells are visible in the velocity and vorticity fields. Not surprisingly, this dipole rotates in an anticyclonic sense.
Vortices generated initially over the mountain are able to perform several rotations around the summit. In order to follow their motion, as well as that of the anticyclonic cell, we calculated the integral quantities characterizing the flow evolution, i.e. the circulations C 
Observed vertical motions
The motion of the vortex around the seamount implies a continuous stretching and squeezing of fluid columns over the topography, hence producing vertical displacements over the mountain. In order to quantify this effect, the vertical flow velocity component has been measured in the vertical (y, z)-plane across the mountain. A typical example is presented in figure 9 , which shows two snapshots of the vertical velocity field measured in an experiment with a wide vortex (R v /R m ∼ 0.4) generated over the topography (r 0 /R m < 0.6, experiment 18). The vertical plane is observed from the positive x-axis, and covers the horizontal range 0 y R m , i.e. it extends over one radius-length of the mountain. In the vertical direction the field of view covers the full fluid depth.
The left panels of figure 9 show that the vertical flow is directed uphill at time t/T ∼ 26.7, and has turned downhill at t/T ∼ 28.4. This oscillation in the vertical velocity was observed during most of the experiment, even though the velocity measurements were very noisy due to several technical difficulties (discussed in the last section). These oscillations are associated with the orbital motion of the vortex around the mountain. Note also that the vertical flow is more intense near the bottom than near the free surface: the velocity arrows follow the shape of the topography at the bottom, whilst they are nearly horizontal at the surface. This is more clearly visible in the right panels, showing the distributions of the magnitude of the vertical velocity w at the same times. 
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5T. The dashed line indicates the Ekman decay according to exp(−t/T E ).
Additional quantitative information can be obtained by computing the vertical transport integrated over the vertical cross-section 0 y R m , h B (0, y) z H, where h B (0, y) is the bottom height, corresponding to the right side of the (y, z)-plane over the mountain:
(2.5) Figure 10 shows the time evolution of W(t) for a thin and a wide vortex as a function of time. This plot clearly demonstrates the oscillatory character of the vertical motion as the vortex interacts with the seamount: the flow moves up and down every 2-3 rotation periods for the thin vortex, and ∼8-9 periods for the wide vortex. In addition, this oscillation decays in time as the flow is damped by bottom friction effects. The y-coordinate of the positive circulation, Y + (t), is also plotted in both cases in order to show that W(t) is correlated with the rotation of the cyclone around the mountain. Both quantities are normalized with their maximum values and they are not in phase: the vertical transport changes sign when the positive circulation crosses the vertical plane (i.e. when Y + (t) approaches maximum or minimum values).
Physical model
Previous studies have shown that the dynamics of a homogeneous fluid in a rotating system are well-represented by quasi-two-dimensional formulations. Here we use the model reported in Zavala Sansón & van Heijst (2002) , which is an extended version of classical two-dimensional models, now for variable topography and including both linear and nonlinear Ekman damping effects. This formulation allows strong depth variations of the order of the mean depth, in contrast with the quasi-geostrophic theory, which is restricted to systems with small changes of depth. This property makes the physical model suitable for studying the present experimental flows, for which topographic variations are not small with respect to the total fluid depth.
Consider a Cartesian system rotating at constant angular speed Ω = f /2 around the z-axis, antiparallel to gravity. Under the assumption of weak motions with respect to rotation effects (low Rossby number), the horizontal velocity components (u, v) are depth-independent, and the flow is governed by a single equation for the vertical component of the relative vorticity ω: 
with h(x, y) the total fluid depth, which is time independent in the rigid-lid approximation. Bottom friction effects are represented by the terms proportional to the Ekman layer thickness
. The transport function ψ is connected to the relative vorticity by
3)
The continuity equation under the rigid-lid approximation and including Ekman effects is
This expression is obtained by integrating ∂u/∂x + ∂v/∂y + ∂w/∂z = 0 from the solid bottom at z = h B (x, y) to the free surface z = H = h B (x, y) + h(x, y) and using appropriate boundary conditions. Assuming a thin Ekman layer (δ E h), the horizontal velocities are given by u(x, y; t) = 1 h
In addition, the vertical velocity w can be calculated from the horizontal velocity components. In order to do so, the continuity equation is integrated again, but now up to an arbitrary level z:
(see, for instance Pedlosky 1987, p. 63) . Using the definitions of h, h B and H together with (3.4) it is verified that w(x, y, z; t) = −(z − H) ∂u ∂x + ∂v ∂y .
(3.7)
In the next section we will discuss some numerical simulations that are based on this shallow-water model. These simulations fully capture the main processes observed in the experiments. In § 5 attention will also be given to topographic waves trapped around the mountain, which are linear solutions of the shallow-water model, and their structure and vertical velocity fields will be compared with the experimental results.
Numerical simulations
4.1. Numerical scheme The laboratory experiments are numerically simulated by solving the shallow-water model represented by (3.1) and (3.3). The numerical scheme is based on finite differences, and it has been used in a number of previous studies focused on vortices over topographic features (e.g. Zavala Sansón & van Heijst 2002; Zavala Sansón, González-Villanueva & Flores 2010) . Once the solutions for ω and ψ are obtained, the horizontal velocities are calculated from (3.5). In addition, the vertical velocity component (3.7) is examined in a vertical plane. The aim is to demonstrate that the main experimental results are reasonably captured by the simulations, showing the shallow-water character of the experimental flows.
The equations are discretized in an (x, y) square grid with 257 × 257 points. The horizontal domain is a square of physical dimensions 3 m × 3 m. The bottom topography is the axisymmetric mountain given by (2.1) using the same experimental values for h m (30 cm) and R m (50 cm), and centred at the origin. The rest of the flow parameters are also identical to the experimental values shown in table 1. Note that the numerical domain is large enough to consider the mountain as an isolated topography, so that the effect of the lateral boundaries becomes negligible. Besides the flow in the horizontal plane, the velocity field is calculated in the vertical plane x = 0 over the mountain, as in the experiments. In the computations the vertical grid (y, z) has 257 × 33 points. The inclusion of the Ekman terms in (3.1) and (3.3) is mandatory for simulating laboratory experiments during several rotation periods, since bottom friction effects strongly slow down the motion at times comparable with the Ekman time scale
The initial condition is a circular cyclonic vortex with azimuthal velocity profile (2.2). Although several values of the peak vorticity ω 0 and the radial scale R v have been used, we focus on representative cases of wide and thin vortices. Figure 11 shows a snapshot of the numerically calculated horizontal vorticity distributions in two simulations with identical vortices, initialized at a different initial position. The trajectories are calculated by following the position of the peak vorticity. The vortex characteristics are similar to the thin, strong vortices (type D) in the experiments. Both the vorticity fields and the vortex trajectories can be compared with the experimental results in figure 6 : the vortex generated further away from the mountain performs a trajectory approximately parallel to the topography (figure 6a), while the vortex created at a closer position climbs the mountain and turns around the peak (figure 6b). In general the numerically calculated flow characteristics and trajectories show a clear agreement with the experiments. The simulations demonstrate without ambiguity that the anticyclonic vorticity over the tip is topographically generated in both cases. It should be noted, however, that some differences can be appreciated in the vortex trajectory and in the shape and disposition of secondary patches of vorticity. These discrepancies arise as a consequence of several imperfections and difficulties inherent to the experiments (the free-surface deformation, the air drag at the surface of the fluid, the unavoidable perturbations generated when lifting the cylinder, etc.). Another reason is the high sensitivity of the trajectory to the initial position and the vortex characteristics, as discussed by Zavala Sansón (2002) in the context of a topographic ridge. Here we shall focus on the vertical field as the vortex rotates around the mountain. In order to illustrate the vertical fields associated with the vortex motion over the mountain, figure 12 presents the horizontal (upper panels) and vertical (lower panels) velocity fields at two different times calculated in a simulation with a wide vortex. This case is similar to the experiment with a wide vortex shown in figure 4 . As in the experimental measurements, the vertical velocity field (v, w) is calculated in the vertical plane across the mountain (x = 0, y, z). As expected, the vortex approaches the mountain in a spiral trajectory with shallow water to the right. A careful inspection of the horizontal and vertical fields reveals that the flows over the mountain are due to the cyclonic vortex as it turns around the topography. For instance, when the vortex is located at the left-hand side of the mountain at t/T = 13.5 (figure 12a), the circulation in the vertical plane is in the positive y-direction. In contrast, at t/T = 19 the vortex is located at the right flank of the mountain (figure 12b), and consequently the flow is directed in the negative y-direction. The flow is reversed every time the vortex crosses the vertical plane x = 0. Figure 13 shows two additional numerical examples in terms of the horizontal vorticity distributions (upper panels) and the distributions of the magnitude of the vertical velocity component (lower panels). The first case corresponds to the same wide vortex shown in figure 12 , and the second case is a thin vortex generated over the topography. The fields and trajectories are calculated at t/T = 31. At this time the wide cyclone has drifted around the topography one additional turn (in comparison with figure 12) . The thin vortex, in contrast, has performed several turns around the summit. Both cyclones form a dipolar structure together with the anticyclonic vorticity formed on top of the mountain, and the whole structure rotates anticyclonically, as observed in the experiments. The lower panels show distributions of the magnitude of the vertical velocity component, whose structure can be compared with the experimental case, see figure 9 .
Horizontal and vertical fields
The oscillations of the vertical motions as found in simulations shown in figure 13 are presented in figure 14 . The vertical transport is calculated according to expression (2.5) at the right-hand side of the (y, z)-plane over the mountain (0 cm y 50 cm). The wide vortex in figure 14(a) performs a couple of rotations around the mountain, while the thin vortex in figure 14(b) turns several times around the summit. Recall that the wide vortex travels along the rim of the mountain, and therefore it drifts along a wide circular path around the topography. In contrast, the thin vortex rapidly climbs the mountain and its trajectory consists of smaller circles.
Comparison with topographic waves
The motion of thin vortices around the summit of the mountain and the occurrence of a patch of anticyclonic vorticity near the summit are very persistent and robust characteristics. In fact, the flow behaviour resembles the motion of topographic waves trapped around seamounts as reported in previous studies (e.g. Brink 1989 ). Indeed, some modes of such barotropic waves have a dipole-like structure located exactly at the summit of the mountain, and it rotates in the anticyclonic direction. Here we compare some of these waves with the numerical and experimental results presented above. Our attention will be mainly focused on the oscillatory motion in the vertical plane.
Analytical solutions of linear motions
We use the exact, analytical solutions of the inviscid, linear shallow-water equations derived in Zavala Sansón (2010). The solutions are trapped waves around an the horizontal length scale of the seamount, and the parameter s measures the shape of the mountain. For small s, the mountain is very steep near the summit (λr < 1) and less steep far from it (λr > 1); in contrast, for large s the summit is nearly flat whilst the topography is rather abrupt for a distance larger than λ . This important property of the profiles means that they can be applied to a wide family of axisymmetric mountains. Since the depth field becomes infinite for large r, the wave solutions are considered valid only within a radial distance of a few times λ −1
. Recalling that the fluid depth in the experiments is given by h = H − h B with h B given by (2.1), the profile (5.1) approximates the experimental fluid depth at the core of the mountain when s = 2, h 0 = H − h m and λ −1 = R m . In polar coordinates (r, θ ), the horizontal velocity components have the following form: 
The wave frequency is given by ω np . The number n 1 is an integer that represents the azimuthal wavenumber, i.e. the number of structures around the mountain. The radial structure is given by the trapping factor exp(−λ , where p 0 is another arbitrary integer related to the number of wave structures along the radial direction. The constant ψ 0 is an arbitrary amplitude.
In order to obtain the solutions in terms of the associated Laguerre polynomials, the flow parameters must obey some relations between them. One of these gives the dispersion relation in terms of the numbers n and p and the shape parameter s:
For further details of this theoretical analysis, the reader is referred to Zavala Sansón (2010). The vertical velocity component w is simply calculated with expression (3.7). We will show the analytical velocity field at the same plane as in the experiments and simulations and, more importantly, the oscillations of the vertical transport associated with the waves.
5.2.
Wave fields Given the dipole-like structure observed both in the laboratory experiments with thin vortices and the corresponding simulations, we shall focus the comparison on the case of waves with azimuthal wavenumber n = 1. This case corresponds to a symmetric dipole centred at the top of the mountain and rotating in an anticyclonic direction. The radial wavenumber p changes only slightly the structure of the wave in the radial direction because of the exponential decay of the flow field (the term exp(−λ s r s ) in the velocity components). Figure 15 presents the relative vorticity fields at t = 0 for two waves with radial wavenumbers p = 3 (a) and p = 6 (b). The mountain has a shape parameter s = 2 and a length scale λ −1 = 50 cm (these values give a depth field comparable to that in the experiments). Evidently, these structures are similar to the experimental cases of thin vortices generated over the mountain, which acquire a dipolar flow structure that rotates around the mountain (see e.g. figure 7 ). The main difference is that the linear solution maintains the initial symmetry during the whole process, while in the experiments the anticyclonic part of the dipole is mainly concentrated at the top of the mountain.
A more revealing comparison is provided by the distribution of the amplitude of the vertical velocity component calculated from the analytical solutions, presented in the lower panels of figure 15. The w-velocity is calculated at t = 0 and the vertical plane is, again, oriented along the y-axis. Therefore, there is an upward (downward) flow at the right-(left-) hand side of the mountain (looking in the direction with positive y-values to the right, as in the experiments and simulations). This flow is reduced to zero as the wave rotates over an angle π/2 and it is reversed after rotating over an angle π. Note the strong similarity with the fields calculated in the simulations and to some extent with the experimental results. The main difference between the two waves is the width of the regions with upward and downward motions. The vertical transport over the mountain can be calculated as a function of time, just as for the experiments and the simulations. This is presented in figure 16 : an oscillatory vertical transport is shown during 40 rotation periods of the system. Note that such an oscillation always maintains the same amplitude, since damping is absent in the analytical model. The oscillation period is ∼4T for p = 3 and 7T for p = 6. It is worth noting here that the general horizontal and vertical circulations calculated from the analytical solutions are qualitatively similar to those observed in the experiments, especially for thin vortices, which suggests that these experimental motions are a manifestation of topographic waves around the mountain. This might be the case especially at later stages, when the strength of the flow has been weakened by viscous effects, so that the flow dynamics has entered a more geostrophic regime.
Discussion
The motion of a barotropic vortex in the presence of a submarine mountain has been examined by means of laboratory experiments in a rotating fluid tank. We observed different flow scenarios for wide and thin cyclonic vortices (with length scales of ∼R v /R m ∼ 0.4 and 0.2, respectively), initialized at a certain position r 0 /R m from the tip of the mountain. A first component of the study is the analysis of the horizontal flow field of the vortex due to the topography. In addition, and in contrast with previous studies, we devote special attention to the vertical motions in a vertical plane across the mountain. Because of the relatively large dimensions of the experimental facility, the damping effects produced by bottom friction are strongly reduced. This allows the observation of the experimental vortices for ∼40 rotation periods.
Horizontal plane
It is consistently observed that: (i) cyclonic vortices generated at some distance from the mountain approach the topography in a spiral, anticyclonic trajectory and eventually climb the mountain; (ii) a patch of anticyclonic vorticity is formed over the mountain; and (iii) the vortices rotate around the summit in anticyclonic direction. The essential mechanisms of these effects have been explained in detail in previous studies, as described in § 1 (particularly the work of Carnevale et al. 1991) . Therefore, we focus the discussion on some particular features not observed in other studies, and we add some comments on the experimental measurements.
The experiments show that the shape of the vortices during their interaction with the mountain strongly depends on their relative size. Thin vortices tend to maintain a quasi-circular shape during the clockwise spinning around the mountain. During the whole process a stable patch of anticyclonic vorticity is developed over the summit. In contrast, wide cyclones have the tendency to move along the rim of the mountain. After a few revolutions, wide vortices are strongly distorted: their shape is elongated along the circular periphery of the mountain. The long-term configuration is anticyclonic vorticity over the mountain, surrounded by an annulus of positive vorticity at the rim of the topography.
The vortices drift due to the influence of the topography, even when they are generated at some distance from the mountain. Indeed, such a mechanism is equivalent to the topographic β-effect used in numerous studies by setting a weakly sloping bottom in rotating tank experiments (Carnevale et al. 1991; Adduce & Cenedese 2004) . In the present case, the vortices are generated over a flat bottom, but close enough to the mountain that they experience the influence of the obstacle. This topographic effect depends on the far-field structure of the vortex over the topography, as has been extensively discussed in Zavala Sansón (2002, see e.g. his figure 8). However, the trajectory of the vortices is very sensitive to the initial position and the vortex characteristics, in both the experiments and the simulations. This is why identical repeated behaviour is difficult to obtain, since small variations in the initial conditions lead to differences in the precise vortex trajectories.
The generation of anticyclonic vorticity over the summit is associated with the squeezing of fluid columns, and it forms a very stable and persistent structure over this kind of topography (Nycander & LaCasce 2004) . It is also a special case of the organization of a decaying flow over random topography, which consists of the arrangement of anticyclonic patches over bumps and cyclonic circulations over hollows. Bretherton & Haidvogel (1976) analysed this problem for the quasigeostrophic approximation. A similar flow-topography arrangement takes place in the context of shallow-water flows, which are not restricted to small topographic variations .
For thin vortices, the anticyclonic patch pairs with the original cyclone, thus forming a dipolar structure that rotates clockwise around the mountain. We have compared this dipolar structure with the analytical solutions of topographically trapped waves over seamounts (Zavala Sansón 2010). There is a remarkable resemblance with waves with relatively large radial wavenumber (p = 3 and 6, a positive integer that indicates the number of zero crossings of the radial vorticity profile). Furthermore, the formation of elongated vorticity stripes concentric with the mountain in some experiments (see figure 7) seems to indicate the radial structure of a topographic wave. This suggests that the encounter of cyclones with the mountain results in the generation of topographic waves. Some care must be taken when drawing such a conclusion, since the dipolar structure of the topographic wave is exactly centred at the summit of the mountain, while the cyclone-anticyclone pair in the experiments is off-centred, with the anticyclone preferentially situated over the tip of the topography.
There are a number of additional dynamical effects that are of secondary importance, but which are still worth mentioning. For instance, the additional β-effect associated with the parabolic free-surface deformation is much weaker than the equivalent effect due to the mountain (see § 2.1). However, it plays a role, though minor, in experiments with wide vortices. Wider cyclones are more prone to experience such an effect because of their larger horizontal dimensions (the non-dimensional parameter β η = R v η p /R p H becomes larger, see § 2.1). A consequence is that the vortices have an additional tendency to move in a clockwise spiral towards the centre of the tank (located at x = −6R m away from the mountain). As a result, their motion around the topography is delayed when they pass the side that faces the centre of the tank (x < 0). This explains the kink observed in the trajectory of the wide vortex presented in figure 4(b) . Another secondary effect is the formation of a new cyclonic patch during the initial stages, as was shown in figure 4(a) . The initial flow associated with the vortex forces the fluid over the seamount to move downhill at the opposite side. As the fluid descends the mountain, fluid columns are stretched and thus acquire cyclonic vorticity. In most cases, this secondary vorticity concentrates around the mountain after long times (figure 4c). Secondary cyclonic patches are also observed in the simulations. This effect was discussed in detail by Huppert & Bryan (1976) for the case of a current flowing above a seamount. Their model indicates that the newly formed cyclone moves away from the mountain when the advecting current is very strong, while remaining around the topography for weaker currents.
Vertical plane
The vertical component of the velocity field was directly measured by using PIV in a vertical laser sheet across the mountain. Detailed data were only obtained at the illuminated side of the topography (0 y R m ). As a consequence of the clockwise drift of the cyclonic vortices, an oscillatory flow is observed in this vertical plane. When the vortex is located at the left-hand side of the mountain (x < 0) the circulation of the vortex produces a downhill flow on the vertical plane. When the vortex has moved to the other side of the mountain (x > 0) its circulation produces an uphill motion (figures 9, 12 and 13). Furthermore, this oscillation and the temporal decay of its amplitude were clearly observed by calculating the vertical velocity component integrated over the vertical section, W(t), expression (2.5). Similar oscillations were observed regardless of the size and distortion of the vortex. The period of the oscillation directly depends on how fast the vortex performs a loop around the mountain. Some wide, weak vortices generated away from the topography performed 3-4 turns during the course of the experiment (giving a period of ∼10T), while some thin vortices generated over the mountain made more than 10 revolutions (implying a period of 4T).
It is important to describe the experimental difficulties in measuring the vertical velocity field, which motivated the use of the numerical simulations to unravel the structure of the vertical motions. Such difficulties are associated with two main factors: (i) the smallness of the vertical velocity component; and (ii) the strong light dispersion produced by particles located outside the vertical plane. The magnitude of the vertical velocities was estimated to be around 20 % of the horizontal velocities. Thus, vertical motions have a magnitude of ∼5 cm s or less at the end (at t/T ∼ 40). In addition, the excess of light dispersion is a more serious problem, due to the fact that the particles used for PIV measurements were continuously crossing between the vertical sheet of interest and the camera recording the experiments. The unavoidable presence of the particles between the laser sheet and the camera produced artificial motions in the PIV process. The solution consisted of seeding the flow with fewer particles, at the cost of losing information for PIV. Despite these difficulties, the oscillatory flows were clearly measured.
The numerical simulations based on a shallow-water model proved to be a useful tool to further understand the structure of the vertical velocity field. Recall that in this formulation the horizontal velocities are solved and then the vertical velocity is obtained by using (3.7). As far as we know, there are no previous studies on shallowwater flows that explicitly use this expression for w for explaining laboratory results or numerical simulations. The simulations confirm the oscillatory flow over the mountain and the distribution of vertical motions over the fluid depth (figure 13): uphill and downhill motions are enhanced at lower depths, where the fluid has to flow over the topography, and are nearly zero higher up in the fluid column. A similar comparison with the vertical field derived from analytical solutions of topographic trapped waves was also performed. The upward and downward vertical transports due to these waves closely resemble the experimental observations. Of course, the inviscid solutions do not reflect the viscous decay always present in the experiments and the simulations.
A general conclusion is that the oscillatory vertical motions are established for several rotation periods, both for wide or thin vortices impinging on the topography, or for wave-like motions trapped around the mountain. This implies that, at least for the barotropic limit, this mechanism might potentially be able to transport deep water masses to the surface or vice versa. In the oceanic context, the key point is that ascending or descending motions take place during several days or periods of the system, which may have important biological or geochemical consequences for the flow environment around seamounts.
